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VIBRATIONALLY EXCITED IONS; QUENCHING,LIFFTIMES

Report on USAF research grant.

This grant was provided under an emergency procedure to enable a
successful collaboration between Dr. Eldon Ferguson at Universite
de Paris-Sud and U.C.W. Aberystwyth to continue when the
Aberystwyth SERC support failed for a period of 9 months.
(category alph& but unfunded!) SERC support was renewed in
October 1988. The USAF support came too late to enable me to
employ Dr. R. Richter from Professor W. Lindingers laboratory at
Innsbruck but it was invaluable in that it enabled us to re-start
our measurement programme by providing gas supplies etc.

The collaboration between Paris-Sud and Aberystwyth has now been
going on for nearly two years and has j'-oduced a number of new
developments and several publications (2 papers published, 2
submitted and 2 in advanced state of preparation plus 2
conference papers (SASP and ESCAMPIG) a total of 8 papers).

Vibrational quenching studies

1. HCIl (v=l) and DC1 -(v

The vibrational quehching of HCI (v=l) and DCl (v=l) ions in
collisions with Ar and Kr have been measured in order to
investigate the effect of changing the vibrational and rotational
energy levels while keeping the intermolecular interaction
potential unchanged. The results tend to disapprove the modified

Landau-Teller type vibrational quenching mechanism. Published:
Chem. Phys. Letts. 144. 131-5. 1988.

2. In the course of the above investigation measurements of the
reaction HCl * S&. and HCIV + CF4 przvided improved data on AE
(SF,'/SF.) and AE (CF /CF 4 ). Published Int. J.Mass Spec. & Ion
Proc. 79. 231-5. 1987.

3. HBr and DBr

Efforts to extend the above study to HBr (DBr') was frustrated by

the fact that the ground state spin orbit splitting is comparable
to the vibrational spacing. We could achieve success if we
develop an ion source which produces only ('IT /1t ) ground
state ions. The opportunity was taken to do the HBr ion
chemistry and this showed the existence of a stable FHBr molecule
with D(HF-Br) >0.2eV. (HBr ion chemistry to be submitted
Int.J. Mass Spec. and Ion Proc).

tUJ: iip .3:0ti . .""4

Q1st Spec:sl

1II



L.Measurement of vibrational lifetimes (Einstein A coefficient)

A flow tube method of measuring vibrational lifetimes has been
developed at Aberystwyth and applied to the case of HClV(v-l) and
DCI (v=l) . The result for HCl is in excellent agreement with
a theoretical value while the experimental DCl value is somewhat
lower than theory. (To be submitted to Int. J. Mass Spec. & Ion
Proc).

5. Proton Affinity measurements

In a collaboration with Professor D.Smith and Dr. N.G. Adams at
3i.minxham an improved proton affinity scale has been established
in the 130-14O kcalmol

-
' range (CF4 to CO).Submitted to J. Chem.

Phys.

6. A study of several forward and backward proton transfer
reactions in the Aberysrtwyth SIFDT has demonstrated
that this method is capable of providing good data on enthalpy
and entropy charges in such reactions. Since the enthalpy
change = the proton affinity difference, a proton affinity scale
can be generated. These results reverse the previous]y held view
that a SIFDT apparatus would be unsuitable for studies because of
the lack of thermodynamic equilibrium. This earlier view was
based on a reaction involving N-Ofr but the conclusions were in
error because of the existence of two isomeric forms of NMr .
This new development is important because the SIFDT method can
be used over a very much larger energy range than a variable
temperature SIFT apparatus. In consequence this implies that
much larger P.A. differences can be investigated. Two
publications: Submitted to Int.J. Mass. Spec. and Ion Proc. and
to Chem. Phys. Letts.

In summary a very productive collaboration. Clearly not all this
work was completed in the 9 months support reriod provided by the
USAF award but it provided invaluable support at a critical
period. Thank you very much. This will be acknowledged in the
published papers.

N. .T i"y



HCl*(V=!) AND DCI"(v=1): (i) VIBRATIONAL QUENCHING BY Ar AND Kr

(ii) RADIATIVE LIFETIMES

G. Javahery, M. Tichy and N.D. Twiddy
Physics Dept. University College of Wales, Aberystwyth

and

E.E. Ferguson, Physico-Chimie des Rayonnements, Universite de
Paris-Sud, B~timent 350, Centre'Orsay, 91405 Crsay, France.

Both the vibrational quenching of HCl'(v=l) and DCJ"(v=l and the
radiative lifetimes of these vibrationally excited ions have been
been measured in a selected ion flow tube SIFT using a monitor
ion techniquez .2 . The monitor gas employed in both studies was
N2 since this proton transfers with HCl (v>O) and DC.!(v>O) but
is endoergic for both ions in the ground state3. Thus the
vibrationally excited species popuiation is monitored by the N2 H"
(N2 D') signals. For the quenching studies4 the N2 is in3ected
just before the detection mass spectrometer and Kr and Ar are
introduced upstream. For the radiative lifetimes the N2 is
injected at different points along the flow tube so that the
spatial decay of the vibrationally excited species is monitored.
The results of these studies are given in Tables I and II
respectively together with the data of other workers.

The vibrational quenching of HCIl(v=l) and DCl(v=l) ions in
collisions with Ar and Kr atoms at 300K has been measured in
order to investigate the effect of changing the vibrational and
rotational energy levels while keeping the intermolecular
interaction potential unchanged. All quenchings are found to be
efficient, P>20%, and the lighter isotope is found to be quenched
slightly faster than the heavier one. This is consistent with a
dominant role for rotational excitation in the V.'T,R process such
that the advantage of the larger rotational constant outweighs

. the disadvantage of the larger vibrational frequency. The same
situation had been reported for self-quenching of neutral
h ydrogen halides and for vibrational predissociation of hydrogen

U halide dimers and supported theoretically in terms of rotational
i excitation coupling. The present results weigh strongly against
f a Landau-Teller type vibrational quenching mechanism for the
: molecular ions, modified by the existence of the attractive
potential.

-95-

.

a -.



TABL' I: *ION VIBR-ATIONAL CUENCHING RATE CONSTANT (300K)'.

Ion Neutral 1012k, 1c1 k j)cm-I) 8(c 3)4
(CM3 S-1) Z

HCIL(v~i) He <0.3 >1900 2569 9.96
DCI*(v~l) He <0.2 >2800 1864 5.12
HCIv=l) Ar 350 2.0 2569 9.06
DC1*(v=l) Ar 186 3.7 1864 5.12
HC1C(v=1) Kr 660 1.1 2569 9.96
DC1+(v=1) Kr 430 1.7 1864 5.12

TABLE 11: VIBRATIONAL LIFETIMES (inS)

Ion ))c-Present lOther wiork

Hcl*(v1l) 2569 4.5+0.5 3.0+15 4.65
Dcl+(v~1) 1869 8.0;71 10+75

1/ H. Bonringer, M. iurip-Ferguson, D.W. Fahey, F.C. Fehsenfeld i
and E.E. Ferguson. J.Chein.Phys.79(1983)4201.

2/ J. Glosik, A.B.Rakshit, N.D.Twiddy, N.G.Adams and
D.Smith, J.Phys. Bll(1978)3368.

3/ M.Hamdan. M.W. Copp, D.P.Wareing, J.D.C.Jones,K.Birkinshaw
and N.D.Twiddy, Chem.Phys.Letters 89(1982)63.

4/ M.Tichy, G.Javahery,N.D.Twiddy, Chen. Phys .Lett.
144,No.2,1988.

51 G.Mauclaire,M.Herringer, S.Fenistein, J.Wronka and R.Marx, _'g
Int.d.Mazs Spect.Ion Proc.80,(1987)99.

6/ A.J.Werner, P.Rosinus and E.A. Reinsch. J.Chein.Phys.
79(1983)905.
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THE THERMAL ENERGY REACTIONS HCI + SF, - SF,' + HF + CI
AND HCI + CF,, CF3  + HF + Cl

M. TICHY G. JAVAHERY. ND "W IDDY

Department of Physics, Lnn ersti, College of Wd les, Pen:;.7,A.4het,.srt th.

Divfed SY23 3BZ (Gt. Brtaim

E.E. FERGUSON

Plisiss.Chinue des Rat .o...nten. Lnitersr de Pars- St,4 ( entre d'orai .
91405 Oryai (Francei

(First received 3 Apri 195": in final form 7 July 19 7

ABSTRACT

)tleasurenents of the reac'wrts

FIC1' + SF, - SR' +-HF-C!

and

(--l +CF, CF"' -HF- Cl

have shotin tha( the drst reacti'on is exoiherniic and the second nearl; thlermtncutral In
conjunction wi-tth measurements carried out elsesw here, this estahlishcs that AF (SF,- SF,. =

13.98zo.03 cV and -E tCF,' CF,) =142- l eV. Both of these valucs are far i,5er I eVi
below., current literature salue, obtained (rim photon and electron impact.

INTRODUCTION

In an extension of earlier work at Ahervstvyth on the reaction,, of fICl
ions [1], a program is in progress to measure the vibrational relaxation of
HCIP (v = 1) and DCI r= ) using the same apparatus and applying the
monitor ion technique for vibrational state detection that was recently
applied to O" (v) and NO - (v) vibrational quenching [2.31. The number of
possible vibrational quenchers of HCI (,v is extremely limited because of
the high reactivity of HCI [11. It either charge-transfers. proton-transfers, or

Permanent address: Department of Electronics and Vacuum Physics. Faculty of Mathe-
matics and Phvsics. Charies L nversits. Prague. Czechosloakia.

0168-1176/ 87/$0350 < 1987 Elsevier Science Publishers B.V
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H atom abstracts with almost every molecule. One neutral, which should
have been non-reactive according to literature values of ionization energies
and proton affinities, is SF 6. The parent ion SF,* is unstable and values of
the appearance energy of SF from SF range from 15.3 to 15.7 eV (4,51.
However, we found that HCI' reacts rapidly to produce SF , implying that
these high values of AE (SF 5 /SF) are in error. The reaction inferred is

HCI' + SF - SF + HF + Cl (1)

because this is the most exothermic possibility. Similarly. we also found the
reaction

-iC +,,F 4 -CF + HF+Cl (2)

to occur. For reaction (1). the rate constant, 1.25 ± 0.25 × 10 - ' cm 3 s -, is
close to the L ingevin collision rate constant, 1.2 x 10 - 9 cm 3 s - , and
therefore reaction (1) is exothermic. establishing that AE (SF,-/SF,) < 14.17
eV. Reaction (2) has a rate constant I x 10- " cm 3 s - 1. If the deviation from
the Langevin value in this case is entirely due to endothermicity. the reaction
could be endothermic by no more than kT In(k L/k,) = 0.06 eV, therefore
AE 1CF 3 /CF74 ) < 14.23 eV. That this is likely to be a correct interpretation
is established by the increase of k. with centre of mass kinetic energy. to
2.6 x 10t ° cm3 s' at 0.8 eV, suggesting that reaction (2) is verv close to
thermoneutral. This is further supported by the pseudo-Arrhenius plot (k,
vs. E - 1 cm), the slope of which yields the value AE =0.04 ± 0.01 eV.

Babcock and Streit [6] connected the energetics of the SF, and CF,
systems by finding the reaction

CF3 + SF, - SF + CF, + 0.17 eV (3)

to be 0.17 eV exohermic from eqailibrium constaji measuremen.s,. Reaction
(3) is equivalent to AE(CF, /CF.) = AE(SF, /SF,) - 0.17 eV and. by com-
bining reactions (2) and 3). one obtains a lower upper limit for Ei SF, /SF,)
of 14.06 eV.

Babcock and Streit [6] also found

SF,- + NH, - NH - SF, (4)

to be fast and therefore exothermic so that IE(SF,) > IENH,). Values for
IE(NH 3) are 10.154 ± 0.01 eV and 10.162 ± 0.008 eV [81.

Babcock and Streit actually reported IEiS-,) > 10.43 eV. based on an
observed fast reaction with HS(IE 10.43 eV) which ihev assumed to be
charge-transfer, although they did not observe a primar,' product. The.
observed H 3S- as a secondary product which they assumed was due to the
known fast reaction

HS '+ H,S-H-,S' - SH
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This higher IE(SF5 ) is inconsistent with the AE(SF/SF.) and D(SF5 -F)
and cannot be correct. Richter et al. [91 have re-investigated this reaction in
Innsbruck and determined that the reaction of SFJ with H.S is not
charge-transfer but rather a relatively fast three-body association which
simulated a slow binary reaction in the experiments of Babcock and Streit.

Combining a conservative lower limit of 10.14 eV for IE(NH 3 ). and
therefore of IE(SF5 ), with Kiang and Zare's [101 determination of D)SF,-F)

-3.95 + 0.14 eV, one obtains AE(SF /SF.) = D(SF5-F) + IISE,) > 13.95
e%1. The recent critical evaluation of Herron [I]) gives D(SF,-F) =4.01 +

-S 0.13 eV, which would give an even larger lower limit of 14.02 eV.
In support of the lower AE(SFC'/SF.). Richter et al. [91 have reported the

reaction

Kr 2 P;,,.)+ SF, -. SF+ Kr +F(or KrF) (f,

to be fast and exothermic and we have verified that result in this laboratoro,.
This establishes that AEASF-/SF,) < IiKr) - DiKrF) = 14.0 LV + D(KrF).
The dissociation energy of K.-F is very small (0.013 eV [121) and
AE(SF 5 /SF.) < 14.02 eV. Also. Shut et al. [13] found the reaction

Ar.- + SF, SFJ + 2 Ar -F (6~

to be exothermic. implying A-\EfS F,'//SF 0) < 14.4 eV.
The upper and lowker limits on AE(SF,5 >SF,) are satisfied hb\

AE)SF-/SFb) = 13.97 0.04 eV. The value of AE(SF,-,7SF,) is this yen.
tightly constrained! Equivalently. IE(SF,.) =10.0 - 0.15 eV and .111,SF:-)
= 11.6 - 07 kocal rntol', utilizing .AH,(SF,) =- 291.7 kcal mol - 111]. The

above constraints show that the "ippr tii~ iiuicd c\.., 2-e central V aiues.
of D)SF 5 -F) are to,-, high [10.111 and imply t -at D(SFF, eV

Further, we find that the reaction

Kr-(P 3 ,[)+ CF, - CFJ - Kr +-F(7

does not occur detectably. In view of the similarity of CF, and SF, ion
chemistry. this almost ec-ainly imiplies that AE(CF, 7(F 4) < 1-4.0 eV. so

that reactions (21 and (7) bracket AE(CF3 - /CF 4 ) between 14.06 andi 14.2:4

eV. As discussed above, the energy dependence of reaction (2) supports a
value near the upper limit, perhaps 14. ± 0.1 eV. All literature values are
substantially higher. being typically 15.5 eV [4.5].

This in turn implies a lower lE(CF ') thin is currently, accepted. lE(CF,)
-AE(CFj /CF 4 ) - D(CF-F < 8.64 eV, where D(CF, -F) is taken as 5.6

eV (14]. Kime et al. (151 have recently reviewed the thcrnmochemistry of
carbon tetrahalide ions. They give lEt CF, - 9.3 0.2 eV. consistent with
earlier values, which they tabulate (except for one anomalously high valie of
10.8 evh.
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Kijme et al. [15) also review the literature vaiues of D(0,- F, the iowkest
value in the literature is 5.03 eV, which is almost surely too low. Of the four
other values listed. two are equal to 5.6 eV and two exceed this. It seems
inescapable that the present values of IE(CF 3) are substantialy tot) large.

It is apparent that the photoelectron appearance en~ergies for SF, /SF,
and CF 3 /CF, measure vertical AEs, which are subs'.antially higher than thc:
adiabatic AEs measured in the ion/molecule reactions. It is charactcristic o~f
ion/molecule reactions to yield adiabatic exothermici ties bs virtue of the
intimate contact of sufficient duration to allow molecular geometry relaxa-
tion to adiabatic configurations. Ion./molecule reaction studies usualls sield
reliable adiabatic energy differences. It is. of course. fortuitous, although not
unique. for energies tobe sotiahtlv constrained by, bracketing technqe .
they are for SF-/SF,.

Reactions (1) and (2) are interesting re-ctions and somekhat unus ual in
having three product particles. The reactions, can be %ic %ed as F ah'trjc-
tion by 110' to produce a transicnt CIHE molecule which decass; h% the
most exothermic path to produce HF and Cl. Since a simple electron
transfer from SF, or CF, to Ha1 is endothermic bhs oxer I eV zhe HFI h,,11d
formation energy is essential to drive the reaction and one must consider a
concerted process to occur in a transit complex. The positisc ff H( Uf I
approaches the ver\ polarizable SF, I n = 4.48 A and ihrat.in 1:
falling apart into HfF -Cl -'F,. aiid similarl\ for CF.

The abstraction of F - from SF, b\ positive ions. produc~ne_ F 'o.
well established from ear!ier work of Fehs enfeld [Io Aj t i, found that C

N'. 0%~ and CO' all abstract F- from SF, to form the correspondim-e
neutral fluorides and SF,. These reactions are e\,othcrmiuc aIn6 ,,,I at neir
the Lan-ex in rate constant. as in the case of reaction (I . Fchseqfcld found
that 0$- and NO* did not react Ailh SF, to produce Hi. and FN0.
respectively, and ti-ese reactions are endothermic, even %with the ne.s loser
value of AE(SWF,-,',I.
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VIBRA IIONAI QLLNCFIING F tVI z= I) AND Di'I(i-I) BY Ar XNI) Kr

M. TICHY , G. JAV\HERY. N.D. TWIDDY
Dcartr'ten, ,Ifle-, i nlrslt ('o c' at tie/ti PA"tc,.itl. Pih" ,!t of; i ltn ( 'i s) ? i'[/ 1 X

and

E.E FERGt SoN

-a;l,, d C " ." a-1 'o C

t-ir h in Tis.in..-~i): -ttto fllinkoar .t ' lwtt. t:ittai tx- n 91:it -T. R pct- r,,'a
' ,! rhaig ,n 1x ': Oitonal Ad ra,, n , , re . , :r i r -

alt he tea, o are The.c nvie - itr at ttn -,Ic "ei roaJiri "'atl,r . it tI - C

I. Intriduction brational quenh-ig rate constants generail,' d.'-
crease ' ilth relatite kinetic enere'

Ra'Ltntl; the fist ss[cmnattc studies ,if darn:; The large quenching rate constants and thcer neg-
Ipil;', iitn vibrationial quenhing hate heenr carried atle temperature dependences are a clear indication

cOut. n.luding sonic information on relatie kinetic of the dominant influence of the long-range attrac-

energy dependence and some limited information on Itse forces tn the quenching process. Most neutral

the ;ratitital iale dcpendence [ I -J] Such inca- diatomic molecular vibrational quenching ( N. ():.

surentetits hate hciointe r- sible through the use of (),, etc. ) is characterised b lot' efficienc and In-

selected ;on flow dritft tu, I for the production of 1i- creasing rate constant with relaie kinetic entre:..
This quenching occurs as a result of the short-rangebrationalli, esetted ions, thetr quenching and theire

deection f massi, in conjunction ,.i.ih the mo- repulsive forces. The "impulsive" energy transfer ef-dttin tehn masdind itton "ohrthe momt as .o-e tfcienc ucreases with collision energy and with the

Stasteepness of the interaction potential. The process is
reaction 'cith the ion depends on the ion t.ibrational well understood in terms of non-adiabatte eneritsstatel unesto Th termsa pater tonatdoccursinthat
state I The general pattern that occors ts that transfer theoo and "as treated by Landau and Tellerquenchig is isuall,% rapid. Prohahilities ceed iC, - [71 and is often referred to as Landau-Teller
tir alntost all neutral quenehers except the rare gases quenching.
and molecular ltt drocen. It is also ftound that im i- Recently Tanter and artcq [, ahae proposed

that etfflient molecular ion quenching might be cx-

Pe-ranett iddrer Deeairnteni if F] ekr..ut enr iae-tm plained by. a modified Landau-Teller mechanism.
Phr Faalt -,I \aihemai. s td I'i xt ,. i t.sa rier- The moditication resulting from an attractise ,ell is
sir. ragoe i (cchorir k a twoiaold. an increase in the relats e collision energy

0 -Oii-2 14 88 S 113. (1 C Else-,ter Science Publishers BA 131
(North-Holland Phy sics Publishing Dh sion
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and an increase in the steepness of the -ep-lsive brationally excited HCI population. Hence the
interaction, decrease in N:H ' due to quencher (Ar or Kr) ad-

In cases where strong attractive forces operate in dition directl% measures the quenching rate constant
neutra! quenching, a less common situation than for in the conventional way [ 1-3]. On relative ion sig-
ions which have strong electrostatic attractions. vi- nal measucments are required.
brational quenching is also efficient and has a neg- Unfortunatey the HCI(Fl.2 . r0i reat:s slovl,
atic temperature dependence. No general theoretical with N. to produce N,H *, in spite of its endotherm-
framework is available for the case of quenching icity, due to the high-energy tail of the 300 K thermal
controlled by the long-range potential. ion and neutral energy distributions. This N.H* sig-

Tne purpose of the present investigation was to nal varies much mote slowly with Ar or Kr so that
iolate the role of vibrational and -otational energy it simply provides a NH * background signal to be
le. els whilc keeping the interaction potential con- subtracted. thereby lowering the dsnamic range of
stant b% the use of isomers. The only substantial en- the measurements and consequentls their precision
crg lcvel change that can be readil. realised for The DCI* (-FI ) background contribution to N D-
diatomic ions involves hsdride ions and their cor- background is less than in the case of HI - ( nI
responding deuterides. In the present case we have about one-half. consistent with the greater endo-
studied HCI- and DCI. for which the rotational thermicit, ofthe proion transfer to N. because of ihe
constants change bx 2 and the vibrational energ\ lower DCl- zero-point encrg
levels b% --, 2,

One practical problem with HCI ° is its extreme
rcactis its - it reacts with almost evern molecule that 2. Experimental
is tractable for study. Man. such reactions were
studied earlier in this laboratory [1. The onl', suit- The apparatus used is esseniiails that described
able quenchers that we have found are the .r and Kr

reported here. According to energies reported in the pres ousl 1 and the monitor on technique is the

literature SF, should not have reacted but we found same as used here earlier for ciectronicalls excited
lie- staie ion reaction studies [ 12,1 3] and elsesi here o}r

ihat it did. The value of AE(SF* SF,) in the ier- stateion reation studies 113 The quching
atur. :-_ 1. cV, s go~vin erorand % lue vibra:-onal relaxation studies [ 1-3). The quenchingature. ( 5.5 eV, is grosxlT, in error and a value

I 3.05 z0.03 e% has been determined 110). CF, also gases Ar and Kr were BO)C research grade and the N

reacted w,%ith HCI - (both SF, and C', gise HF- was BOC CI' grade. Since the measured quenching
rate constants are so large, trace impurities could ;.ianeutral products, and SF, and CF," ios products) no role in the stud\s. The vihratialls escited ions

and the literature value of the ionisation enervgy is norlintesuNTh barol, cicdos
aan h ierror;'alu. o rther refeston anril ) Acre obtained using a dischaige source containingagain grossl\' in error, or rather rcfers to a ,sertcal HO)DIorCI DI-Icmites

H( I ( DCI) or HCI (DCI)-He mixtures
rather than adiabatic energy. In the present stud\ one

has to work with very low fractions of vibrationail%
excited ions (1-2%). Also the spin-orbit splitting
produces two vibrationless states separated b, 80 3. Results and discussion
meV. 2

1-I ,, lying below -11, , and these are about
equally populated in ionization [ I 11. This produces Table I gi.es the present results and some results
an interference, as described below. One neutral for Ar and Kr quenching presously reported for
,hich does not react exothermically Aith comparison.
HClI 1=0) is N,. whereas HCI(- r=I) i-N The HCI -(i = I) ion represents thL highes: fre-
N -H - -+Cl is cxo-thcrmic and fast [91. so that this quenc ion vibration for which collisiina: rclaxatior
proton-transfer reaction provides our monitor of the rates hase been measured. 225 cm-' greater than
HCI'(c->0) popii' lOon. N, is added into the bufT- NO" -,= I ). The first striking point about the re-
ered HCI - plus quencher flow just in front of the suits is the I;lrgc efficiency of the quenching tor th_
sampling quadrupole mass spectrometer and the re- small number of collisions. Z. required tor quench-
sulting N.H - ion signal is proportional to the %i- ing on the a.eragel. In the case of Kr, the quenching

[32
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TablI
Ion ' ibratonai quenching rate constants 300 K

Ion Neutral 10"k(m's I k., 'in 9 ('mn Rr

I)I He UI) '900 25er4 9 1,,
DCl~ I He ~ 0 '8-1il) 1804 521-
HCC1 I Ar 350 2 0 255 5w 9 lr

DC UII Ar18 3 - I h4 5 12-
HC1 I) Kr 660 1 251 9 Q6
DCCi0i1 Kr 4301 1 S04 ,1,

0 , ( I fie r" 12 1 xlI 1) 18-2 .6()
0,- , = I13 7111 11 -- 1,1 [I

(0 I = Ar 2 2S0 I14 1T (I ! I:

0(, 1 r9 I Sr 7I 5') I I -

(.V 1 2 Kr I - 45 18401 I 1,i

No')I 11 H li ihsOi 2544 _, (j.
NO'~-O (z > 1 k >'I0 2344 0

NOI),,> Kr 01O1s >(5 Q00 -1 2 011 l41

of' HCI 1= I is 60 time% more efficient than the hsed complex is a satisfcton' interpretationf of this
quenching of 0.'t, I ) and over 80003 time, rme result.
efficient than NO - ;z> 0) quenching. The third point to be noted is the slighi preference

A secoind point to be noted is the similarits be- f ,or HCI i = I ) quenching osecr DCl Ci = I
tsseen the Ar and Kr quenching rates. they differ bN quenchinlg for both Ar and Kr. This has immediate

onl% 7z2 % ith Kr being more efficient. significance in that it clearNs weighs against a
B% contrast Kr quenches 0,' (1 =1I) an order of Landau -Teller-t% pe process in which the adiabatic

magnitude more efficicnils than does Ar and the ra- V -.T energy transfer is driven by the impulsis col-
Itio is almiost as large (6.3) for 0,'(1 =2)1. This has lision with the repulsive wall. The critical 'adi-
been attributed to the deeper attractive "ell for ions ah atic" parameter ) 151 - =aviLiis simpls the collision
with Kr due to the larger Kr polarisability (2.48 V lifetinte. a, (%% here Lj is a characteristic distance, the
compared to 1.64 A' for Art as well as the luvser ion- repulsive force range parameter, and t is the relaise
isation energs of Kr ( 14.0 e , compared to Ar I 15.' xselocity), dix ided by the vibrational period T=;
eV). It has recentl% been shtown that the charge- and the probability of quenching is [IS-I-
transfer contribution to the attractive potential is P -expl -). Reducing L' then drastically 1 exponen-
significan: being as nmuch as 40%b 1 the attractive tiall\ ) increases P in this Landau-Teller-t~pe relax-
potential fort:. and Kr. 30o for NO - and Kr, 38So ation. This Landau-Teller failure is :onsistent with
for O_ and Ar and 3-1 for NO -and Ar [I1 3]. the prev ious finding from relative 0-{n and NO'11)I

Similar arguments would apply to the lICI - anot quenching rate constants with common neutral
DCI - tons. i.e. the electrostatic and charge-transfecr quenchers that no energs gap (or momentum gap)
tnteraczions would both be greater for Kr thin Ifor Ar principle appears to be operative in ion quenching
and, in addition, the proton afflinities of Kr ( 11) 1.6 [181.
kcal mol :1I and Cl ( 123.0) kcal tooil 1 are closer ito- We beliese that both the efficiencies and the iso-
gether than are Kr and Ar ( 88.0 kcal t-ol ') so that tope effects in the HCI - 'DCl quenching are a con-
ans tendenc,. for stabiltis b% non-resonait proton sequence of' the importance of rotational product
transfer would fas our the Kr over the Ar. The excitation in the V -.T. R process and the distin-
H-CI - Ii = I )quenching bN Kr occurs on sirtuall\ guishing significant characteristic of the hsdride ions
evens collision, so one cannot safe)' deduce ds nam- is their large roictional constant and the niarked an-
ical properties of the cotllisioni from this. A simple isotropy. of the potential due to the large dipole inn-
statistical, phase spat., argument in a relatis el% long- menis of the halide ions. Tlse rotational excitation
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can be either in the ion as here or in the neutral or bs the correlation betkevtn quenic'inz rate constants
both ) for thle case of molecular necutrals. The more and the calculated charge-trarister interaction for the
etfictent quenching ofO§-- i b\ H- than by D, 4 ) O-f) t and No))ii quenching data that are a ail-
has been attributed to the larger H .rotational con- able [ 2; .
stant [I1. The tact that no signilican. decrease in the back-

Thle same situation occurs for neutral bdroeen ground N H* signal. arising from I-i(' *B ( I re-
chloride vibrational self-quenching. In this case the aetton .,itli N , %ith \1 and Kr add;1tion Implies at
substantial attractive potential is a consequence ot miost a ser,. H(' F-t 11 ri fIl I ( 1
b\drogen bonding. Thle HCIU =- Ii quenchtng b\ HC! quenchine h, %r ter K: i's, hatd I,, ctn s
is about tssieas fast as DCII: = I I suenchinitlb\ D( :

i Im]. This has been explained b, Shin [201 as a ro-
mtati al eiffec. Referericvs

Sittiirl\ . the sil-ratnonal predissiiciatiott ot llF

Jinierisf1aster thin iDF)_ dimer 121, andithisbhas i AiC. i. - 5I>

also !leen te\plai ned as a rotational effect h% mean is ft -. i . ~ ..
4-

iiJose )%coupling ealculaittins[" A :1 A. 5 tv I.. 5 :

There appears to he little, if anm. inherent diffe-r- i ce; ~,, 1-1t Ph,

:TL nc ioon and neutral %thratiottal relaa itot wheni 'A1 7' x!'Ii i -
thcse base comparable interaction pittentials. 0)1'.

c:ourse. relatis e!, large attractions are the gcneral rile
to r :otis due to the elct~rostatic aitact ion hut are!
mnore thle exception or fsmall) necutrals. ij' I- _,_ 1,L], ,

Thte ten i flean t -ole of -otational citation is :on-
tiniatii related ti- the inmpiortanee ot' anisotrop% )t 1'S t I 5 1 eXie X1 t

:ltc interaction potential. This has been shokwn al-
reads h, O shorn and Smith [231 j from tratjcctilrs :al-
culat !om itsor mode) neutral Ijucncltiini, situatins %ith t xi Ti % t \ - . .I

significant itt ract is e orces., It has also been hoissn
:o he ipotant 5\ Tosi ei al. [2_4]1 in traiector, cal- -' Stl'At.t 5 .i, 1*.t.. .

cuilations tor the quenching if) ),' i phi Kr. tile inl% t kttttt itNi ct ts isI

ion quenchinit case Si) far that bias been measured a 's I S r-- ii tG titcr.. r ."t!dtt. i' .L n
a1 tunction of relatis e enerps: thrituih tile reg-io)n it .a Imcii I M,,- ......iei 'CCt~s' i

otintUM 'n rate constant. The mittnimum ttecur-rtnit 1 . K Kinisi. S Ktisitwalti \,!,CtoaVSi, ind Ir
broadl% in tie energ' regtioni of tie potential sell kitta. il.ind!-t,,. )I I letti'e _:1 ~tttt i

depth ( 0.33 eV" ) demonstrates tle predominance itcsS. Nt"' ktS PSi

it Ct hc- aitracti te forces at energies much below% 0 1e 1m 64-k k 't Ra i \t D f"tJ N Scw wT

isell depth and the repulsive fotrces at eniergies large %IS rtt' \it R.tkinti Di (;I ;t,< N i) t-
compared to the is cll depthI [ . scani in) Siiti,. lin o t-,'So

Thle importance of anisitrop\ is alsot an :nfercce "'wsc _ 11 - 'It

f-ritn the anal' ss itt'(3is lastin and Ferguson [2 hjr -- 114) Rj' Mitt . \ \ 1 1: 1-tit.,n I I ). i't.tt i

lating sibrattional quenchinig to interaction poterl- 1) 1 -- j wl R Ii. lcinsiii Mi,.ceat t j i

ttials ;or Thte asailable 0 : i atnd Nt) - ( :i quenchiing cn-( -'"" Ia <1, P-'-~ I W-0a
data. It is suggested there that the kes element oft itie It 'I tanncri. 5 .hrdttit ti 111,ld rititiyt I c~ k ~ it 11 it ! iJ \X! 1).

ant stirtpv in thle case of mitt- pitlar neutral q acne I- Iiitdiit'es sir.'

ers mlas be due to the short-range charge-transter ' or ~ ttiC nt'ttItni itiCtit 1.~i~t

iaefunction to-erlap i mneractitin in Stitie cases l5~1 citsti ltitn t11

ratter thian to the anisitrops if thle littg-rance pit- Ii Bsoir-11,- and P F irt. i hlii 'Pth-i

tentufl. This proisititin is suppoted qualitati' i t il tn
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Abstract

The forward and reverse rate constants for nine proton transfer

reactions have been measured as a function of relative kinetic

energy using a selected ion flow drift tube (SIFDT). In all

but two cases van't Hoff plots of the equilibrium constant

against reciprocal centre of mass collision energy were

linear and values of the enthalpy and entropy changes were

obtained from slope and intercept respectively. Since & H is a

measure of the difference between the proton affinities of the

two neutral species, the data can be used to provide a protcr

affinity difference ladder. This ladder agrees extremely well

with the established proton affinity scale. The experimental

values of entropy change agree well with values calculated from

the entropies of the individual ions and neutrals. The agreements

of theAH's andAS's so determined establishes the validity, and

utility, of a SIFDT apparatus for proton affinity studies.

reversing the previously held view which was based on FDT

measurements involving N2OH-. In the present study two N20H"

measurements gave non-linear Arrhenius and van't Hoff plots,

and had to be rejected, in agreeement with the earlier work. Some

speculations of why drift tube measurements lead to reliable

thermodynamic data, in spite of the lack of thermodynamic

equilibrium between internal and translational modes, are

presented.
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Introduction

Experimental determinations of the forward and backward rate

constants for proton transfer reactions of the general type

XH- + Y Y +H ()

have been widely used,' -2 '3 to obtain data on proton affinities.

If the equilibrium constant K = ke/kr is measured as a function

of temperature then from a van't Hoff plot of log K versus I/L

the enthalpy and entropy changes, &H and LS , can be

determined from the slope and the intercept on the ordinate

respectively. The value of AH is equal to the difference of

the proton affinities of X and Y and As is related to the ion

structures. Often, K is measured only at 300K and &S is

determined from known or theoretical entropies.

Recently in connection with unrelated studies, we made the chance

observation that the reactions of HBr ° with both CO2 and CH. are

endoergic 4 . Both reactions are proton transfer reactions so that

it was immediately evident that the proton affinities of -C. and

CH4 are less than the proton affinity of Br. This indicated that

the NBS tabulated value5 for PA(CH4 ) was slightly too high (in

agreement with a recent high level theoretical calculation') and

particularly that a recently proposed increase 7 in proton

affinities in the 130 - 140 kcalmol-' range is clearly

incorrect.
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The problem in establishing an absolute proton affinity scale

lies in determining one or more fixed points to anchor the

relative scales that have been deduced by van't Hoff plots as

desc.ibed above. Since the proton affinity of Br is known with

spectroscopic precisionO from the dissociation energy of HBr-,

this suggested the possibility of obtaining an improved PA scale

anchored to PA(Br).

In order to establish PA's relative to Br. and to each other,

proton transfer reaction rate constants were measured in a

temperature variable SIFT at BirminghamO. Values for P%'- ,f rn,

Br2 , HBr, N20, HCl, CH. and COz were determined relative to Br,

with what is believed to be an improved accuracy, conservatively

estimated to be better than + 1 kcal mol - . For six common

species the new scale has average deviations from the NBS scale of

1.7 kcal mol-I , with a maximum deviation of 2.8 kcal mol-I (for

HBr). In most cases the new values of PA are slightly smaller

than the NBS values, but not in every case.

In the course of these studies we have learned, to our surprise,

that reliable PA differences can be obtained from "van't Hoff

plots of rate constant vs reciprocal average centre of mass

kinetic energies i.e. from SIFDT measurements. This has

important practical implications because the wide KE range

(" -eV) far exceeds the maximum temperature variation possible

( < 9OK _ O.1eV), allowing much larger P.A. differences to be

spanned for a single reaction. Also elevated temperature flow tubes

are notoriously difficult to operate and maintain.

The applicability of SIFnT'S to thermochemical problems is quite

surprising since the internal degrees of freedom are not

equilibrated with the translation kinetic energy. The neutral
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reactants maintain 300K rotational and vibratinal temperatures,

the ions attain rotational equilibrium with the relative KE in a

few collisions"0 , but the ion vibrations do not"1 , at least for

low KE's and the relatively small number of collisions of the

ions with the buffer in typical SIFDT experiments.

We were reinforced in this expectation, or perhaps more properly,

led to this expectation by experience with the forward and

reverse proton transfers between N.0 and CO. for which linear

van- "7ff plots vs T-1 are obtained', yielding reliable proton

affinity differences and entropy changes in reaction, whereas

KE-1 van't Hoff plots were markedly non linear . The Arrhenius

plots for both forward and reverse reactions i.e.

k =A exp(-AE/RT) were also linear in this case, whereas the

"Arrhenlus" plot for N20H°+ reaction with CO as a function of KE-'

was non-linear. We still find non-linear Arrhenius plots for

N2OH, reacting with CO and also with HBr but we find linear plots

for 14 other reactions and it appears that the non-linearity is,

at least to some extent, a problem peculiar to NOH-, perhaps

related to the existence of two isomeric forms lying very close

in energy.

The present paper shows that reliable PA differences and entropy

changes are obtained from KE-1 plots by comparison of these

measurements with available data on well understood reactions.

In the case of NOH-, and presumably for other ions as yet

unmeasured, for which the non-thermodynamic equilibrium is

important, linear plots are not obtained and one would not
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attempt to deduce AH and AS. It seems unlikely therefore

that one would be lead to errors when the SIFDT technique does

fail, as in the case of NOH° .

The Lindinger et a12 paper was a detailed study of flow-drift

tubes using various carrier gases (He, N2 , Ar) and showed that

the proton transfer. reactions of 20H- were very dependent upon

the vibrational excitation of the ions and that a helium buffer

was less effective in producing vibrational excitation than a

heavier buffer. This is now well understood from the vibrational

quenching study of vibrationally excited ions that have been

subsequently obtained " .

Experimental

The measurements were made in the Aberystwyth selected-ion flow-

drift tube apparatus which has been described previously'2 . The

ions studied N2 OH
°, H.Br-, HCO , H2CI1, CF.H-, NO&-, CO-i- and

CH,* were generated in a high pressure ion source using HCI, HBi,

CO2 , CH4 , or CO mixed with H=.

The neutral reactant was added further downstream and the centre

of mass collision energy E._ was varied by varying the axial

drift tube electric field. In such an apparatus the forward

reaction rate constant can be determined as a function of E.

The corresponding data for the reverse reaction is obtained

straightforwardly in a second experiment injecting the

appropriate ion and neutral species.
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Results and Discussion

The nine reactions studied were:-

N2 0H
° + CO HCO ° + N20 (2)

N2 0H
° +HBr _ H.Br- + N.0 (3)

H2Br- + CO HCO ° + HBr (4)

CH,' + HBr H2Br- + CH4  (5)

CF 4 H' + HCl 1 H.CI1 + CF4 (6)

CF 4 H
° + CH 4  CH,- + CF. (7)

CF 4 H- + CO NOH ° + CF 4  (8)

CF 4H- + CO2 CO.H" + CF4  (9)

H2CI" + HBr H2 Br- + HCI (10)

The van't Hoff plots for these nine reactions are shown in

figures 1 and 2 together with the data of Lindinger et a12 for

reaction(2). It is evident that there is excellent agreement

between Lindinger at al and the present measurements so that the

non-linearity of the van't Hoff plot for (2) is not in question.

For reaction(3) the non-linearity is even more pronounced and it

would again be quite impossible to determine either &H or &S

Both the above reactions involve the ion NzOH-.-

For the remaining seven reactions (4) to (10), in which N3 OH" is

not involved, the pattern is entirely different. These give

linear van't Hoff plots yielding values of &H and LS listed

in Table I. Such plots can be represented by the expression

lnK =,&S,'R- AH/RT =AS/R - 3 H,'2Eo. where 3 T
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This will only yield linear plots if LH and &S do not

change significantly over the energy range of the investigation.

Fresumably a significant variation of &H and AS with E.-

would result in a non-linear van't Hoff plot. If significant

vibrational excitation of the ions by the strong applied field

occurred this would change the value of &H as the

E_ is varied, producing non-linearity. Therefore it can

be concluded that in the case of the 7 good van't Hoff plots

these effects are insignificant. This implies that the value of

,&S obtained from the intercept should bc in good agreement with

that calculated from the entropies of the ions and molecules

involved in these reactions and this should be a sensitive test

of the above conclusions. The data so obtained 1s given in Table I.

The good agreement between the MH's obtained and the established

q values and the good agreement between calculated &S's and the

values obtained from the intercepts establishes the validity of

the SIFDT apparatus for such measurements.

The averaTe deviation in &H between the present measurements and

the proton affinities of ref.9 is 0.36 kcalmol - 1. well within the

uncertainty of any present proton affinity scale including that

of ref.9. The average deviation in &S determined from the

intercepts of Fig.l and calculated values is 1.5 entropy units.

This would correspond to T IS = 0.45 kcalmol - I at 300K and is

generally within uncertainties of the entropies of the ions

involved.



9

The only ions of Table I whose entropies are known are HCO.-

(55.6.0.8), CH, ° (50.4+0.5) and HCO ° (48.00.2) from Bolme et

al. The entropy of H2 C1 is assumed equal to that of the

isoelectronic H.S, 49.2eu, that of HBr equal to that of H2 Se =

54.2eu and S(HNO ° ) is taken equal to S(HCO) = 53.7eu. The one

undetermined entropy S(CF 4 H-) is determined as the best fit to

equations 6,7,8 and 9 so that only 6 of the 7 entropy fits are

independent. The values of S(CF 4H-) deduced is 66.6eu. This

gives a protonation of CF. of 4.1 eu, consistent with the usual

range of values found e.g. CH. (5.9). HCI (4.6), CO2 (4.5), NO

(3.4) and CO(O.8) and HDr (4.9). The quality of these or

probably any other such available ion entropies are not

sufficiently good to Justify serious structur3l consideration.

One qualification must be made concerning our

comparisons of A(PA) values with those of ref.9, namely,

temperature variable measurements involving CF and NC prornn

transfer reactions were not carried out in Birmingham and the

values of PA(CF.) and PA(NO) in ref.9 are those deduced from the

present SIFDT studies. One could simply reduce the 7 cases of

agreement by two, leaving 5 cases of agreement to support the

present Justification for the use of the SIFDT. The situation

is somewhat better than this hcwever, for two reasons. It is
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obvious from the occurrence of very fast proton transfer between

CF4 and NO in both directions (>lO-10 cm3s-4) that their PA's are

closely the same, i.e. the uncertainty in their PA difference is

clearly less than 0.5 kcal mol - independent of any knowledge of

T or KE dependence. Secondly the PA's of both CF4 and NO agree

within better than lkcalmol-' with values previously determined5 ,

although the new values9 are certainly more precise.

There is strong evidence that the non-linearity of the van't Hoff

plots for reactions (2) and (3) is related to the N20H" ion. A

linear van't Hoff plot implies that there must be linear

Arrhenlus plots associated with both k. and k for each reaction.

For the nine reverse reactions studied we have 18 Arrhenius

plots, 16 of which are linear and 2 are markedly non-linear. The

last two are for the reactions N0H" + CO --W HCO- + NO and N2OH °

+ HBr-4 H2 Br" + N.O and are illustrated in Figure 3. It is

these two Arrhenius plots which when combined with the two linear

Arrhenius plots for the appropriate reverse reactions produce the

two non-linear van't Hoff plots of Figure 2 that are associated

with reactions (2) and (3).

To supplement the above data there are .c other reactions which

have been studied previously, but which were measured in one

direction only. These are

HBr- + CH --v. CH,- + Br and (11)

HBr- + CO 2 --- COH" + Er (12)
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so that only Arrhenius plots for the reverse direction are

available, but these can be used to establish an approximate

link to Br although this link is less accurate since the slope of

the forward reaction Arrhenius plots are not known. The

uncertainty in the estimates of the small temperature dependences

of the fast exothermic reaction is the origin of the uncertainty

in the present PA scale9 . The Arrhenius plots give L H = 0.6

and 3.0 kcal mol-I respectively. The value 3.0 kcal mol-' for

(1:) agrees well with the value deduced from the T dependence

of (12), to which the PA scale is tied O . The Arrhenius plot for

HBr- + CH, is shown in Fig.3.

Let us consider briefly, and speculatively, why SIFDT studies of

proton transfer reactions may yield linear Arrhenius rate

constants, and therefore linear van't Hoff equilibrium constant

plots, yielding correct values of J&H and AS, as we hae

established for the present several cases.

What is clear is that rotations and vibrations of the neutral

reactants are not excited in the S.FODT, i.e. they remain in a

thermal (300K) distribution, It is also likely that the ions are

rotationally equilibrated with the relative KE, consistent with

L __ _ _
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theoretical prediction
1 3 and experiment'0 in the case of atomic

buffer gases, as for He in the present case. The major

uncertainty concerns ion vibrational excitation. It is uncertain

to what extent the ions are vibrationally excited in the He

buffer gas. The presumptive evidence, from the validity of the

KE "van't Hoff" plots is that rotations and vibrations play no

role. As a general observation, it has been commonly observed

that exoergic proton transfer occurs on nearly every collision

for small molecules such as considered here. This suggests that

the sole criterion is energy and not the rotational and

vibrational states involved except as they contribute to making

an endoergic reaction exoergic.

With regard to rotation, one does not expect a significant

rotational effect in such reactions, in part because the

rotational quanta are so small and one expects small AJ change

propensities, a sort of angular momentum conservation.

Recently Viggiano et all' have made the first specific rotational

dependence studies for ion molecule reactions and find the

effects to be small.

With regard to vibration, He is an extremely poor vibrational

exciter, especially for the high frequency H stretching modes and

most of the experiments are carried out at energies below the H

stretching energy threshold. The linearity of the plots of

Fig.l. clearly indicate that there is not an onset of

vibrational excitation with a consequent sharp change of

reactivity. The extent of vibrational excitation of the lower

frequency bending modes is unknown, and quite possibly signficant

but apparently does not yield an effect.
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The proton transfer reaction

H2 - (v) + H 2 - H3
° + H, (13)

known to be proton transfer and not H atom transfer as a result

presumably of the much weaker Hz, bond, has been studied as a

function of v and KE2 5 . The results are quite consistent with

the present deduction of a weak vibrational effect. The cross

section decreases very slightly with v at low E.- = 0.1leV and

very much less at E_ = 0.46eV and not at all at E._ = 0.93eV.

At low centre of mass KE's, where there is a slight change in

rate constant with v, there would be no vibrational excitation in

a drift tube ( it would be energetically impossible) and at high

KE where there might be vibrational excitation there is no

vibrational effect on rate constant. One does not know how

generalized this situation is but it accords well with present

findings.

It is known that vibrational energy can effectively drive an

otherwise endoergic reaction, e.g. the slow endoergic HCIl (v=O)

+ N2 --- N2H" + Cl becomes very fast for v = 111.

With regard to the very non linear behaviour of the NOH"

reactions, shown in Fig.2, we might suppose that this is a

consequence of the occurrence of two isomeric forms, NOH' and

NOH-, separated by only 6 + 1.3 kcal mol - I 7-. There are

also twq isomeric forms of HCO- and HNO" but the energy

separations are much larger, larger than the KE's involved in the

drift tube. The two forms are known to be produced in the SIFDT

source and to have different reactivities". Since the van't
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Hoff temperature plots were well behaved2 -0, one may ask why the KE

plots were different. One possibility is that the different ion

sources produced different distributions of isomers. Possibly in

the higher pressure variable temperature flow tube ion source the

ions were relaxed to the lowest energy form. Alternatively,

perhaps the higher energy collisions in the SIFDT, where the non-

linearity becomes severe, induce transitions between the two

isomers.

Conclusions

The use of SIFDT's, in which rate constants are measured as a

function of relative ion-neutral kinetic energy has been found to

yield linear Arrhenius plots for a number of forward and reverse

proton transfer reactions and hence linear van't Hoff plots from

their ratio. The values of AiH and tS are found to be in

excellent agreement with the established values for these

reactions. The only deviations from linearity observed involved

protonated nitrous oxide. This may be related to the existence

of two closely lying NOH° isomers, only 6 kcal mol- apart in

energy. It thus appears that KE van't Hoff plots are often

linear and when they are they yield valid thermochemical data.

When such plots are not linear, for whatever reason, for example

as a consequence of the inherent non-thermodynamic equilibriyum

between vibrations and translations in a drift tube, this will

not lead to error since the non-linearity will preclude such use.

This expanded role for flowdrift tubes is potentially very useful

because of the extremely limited capability for making temperature

variable ion-molecule reaction rate constant measurements
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Table I

values of AH and &S from lfK.., = tS/R - 3H/2E_

(Text Reaction -&H - H9 &S &S(calc)
No). kcalmol-I eu

4. H.Br' + CO = HCO ° + HBr 2.0 2.6 1.4 -4.1

5. CH,- + HBr = H.Br- + C%. 9.1 8.8 -1.7 -1.0

10. H2 Cl +HBr = H2Br- + HCU 6.0 5.8 +0.6 +0.3

6. CF 4 H' + HCI = H2 Cl- + CF. 7.0 6.5 -0.2 +0.5

7. CF 4.H + CH. = CH., + CF4  4.0 3.5 -1.7 -1.8

8. CF 4H- + NO = HNO ° + CF. 0.6 0.5 -3.7 -0.7

9. CF.H" + CO 2 = HCO" + CF. 1.7 2.0 +0.4 +0.4

Entropies of neutrals from Benzon (Ref.20)
Entropies of HCO , CO 2 H' and CH,- from Bohme et al (ref.3)
S(H 2CI) assumed = S(H 2 S) = 49,2 eu
S(HNO ° ) = S(HCO) = 53,7eu
S(HBr-) = S(H2 Se)= 52.4eu
S(CF.H) "t ; 6.7,8 and 9.m66.6eu
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Figure Captions

Fig.1 Showing van't Hoff plots for reactions (4) to (10)

Fig.2 Showing non-linear van't Koff plots obtained for

reactions (2) and (3). Reaction (2): present, .

reference 2. 0, Reactions (3): present, a.
Fig.3 Showing Arrhenius plots for reactions (2) and (3).

Reaction (2) : forward A , reverse A .

Reaction (3) forward * , reverse 0 The

Arrhenius plot for reaction (11) is also shown plotted

asfl
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ION CHEMISTRY OF HCI 4 AND H~r+ AND VIEFLATIONAL QUENCHING
RATE CONSTANTS OF HCI+(v = 1 AND D0I+(v = 1).

X. TICHY, G. JAVAHERY and N.D. 7VIDDY. Department of Physics,
Umniversity College of Wales, Penglais. Aberystwyth. Dyfed SY 23 3BZ, U.K.

E.E. FERGUJSON, Physico-Chimie des Rayonnementa.
Universlt6 Paris-Sud, B~t 350, 9:-405 ORSAY CEDEX, FIZANC.

A study of vi~rationai quenching of HCW and CIV in collisions will- neutral& has Dlben carriec out in
order to change the ton rotational and vlbrational energy levels wnile maintaining the interaction potentla
constant. This pr'ovides a critical teat of energy transfer models Reaction& of H-C;* wit?,, SF, and Cr 4
have been Observed with major implications for the thermochemnistry of these mnolecules Proton Transfer
reactions of HBr+ may resoive the currant controversy over the* proton affinity scae in the - 720- 15C kca
nol-I ran"e.

EXPE RIM ENTAL

The Flowing ?Lfterglow system is that used for ea-rlier studies of ECl+

chemistry'. Vibrationally excited Hcl+(Erl+) Ions are detected by their

fast exothermic proton transfer to N., which lz c.f: " ' for

ground state 19(71 ions'. The experiments were comtplicated, relative to

earlier studies of 0O+2 a-nd NO+ vibrational quenching due to several

factors :(1) vibrational excitation in electron Ionization is weak due to

nearly verti-cal PC factors, (ii) substantial ion vibratior. depletior.

occurs by fast IR emission. (ill) the upper 2,lT,12 flne structure level

gives a slow endothermic reaction with N, at 300 K which leads to an

Interfering background, and (iv) the extreme reactivi.ty of HCl* sharply

limits the possible quenchers that car. be studied.

*Permanent edreas Department of Electronic and Vacujum Physics., Faculty of Mathematics and
Pfhysscs, Charles University, Prague 8. CZECHOSLOVAKIA



VIBRATIONAL QUENCHING

The only tractable quenchers that we discovere-d were Ar and Kr, other

species reacted with HCit. The results obtained with Ar an'! Kr are given

in Table I. He was the buffer gas and did not measurably quench. Z 4.9 the

number of collisions reqi~ired on average, to quench.

TABLE I

L~ -1L1- Ion V~= B = Quencher k ) 2C3

EC). (V - ) 256 9A6r 3.5(-10) 2.0

Kr 6.6(-10', 2.1

He < 1 (-12) > 10

DC. U'-) 1869 5.12 Ar 2.9(-1()) 3.'7

-Kr 4.3(-10) 1.7

He < 1( -12) > 10

The results of Table I are striXing In the large magnitude of the rate

constants and the fac-t that HC).+ is quenched slightly faster than DC14 .

The values of kq are orders of magnitude larger than those of 0,+' "n NO

by ALr and Kr2 ''. The quenching of BC1 4 by Kr is over 700 timres faster than-

These observations support a dominant role for rotational excitation in

vibrational quenchi.ng for systems with strong long range attractive

forces. The large rotational constants lead to large kq's and the larger

rotational constant of Bid 4 outweighs the disadvantage of its higher

vibrational frequency which necessitates a larger V -. T.R energy

conversion. This conflicts with recent attempts to explain ion vibratio-

nal relaxation by a Landau Teller mechanisms.



It is consistent with earljer recognition of the dominant role of

rotational excitation in neutral HCl self vibrational relaxation 0 and in

HF dieer vibrational predissociation7. We suggest that Ion vibrational

relaxation occurs as vibrational predissociation in the transient ion-

quencher collision system resulting from the long range forces. This is an

extension of the bound-ContinuuZ, vibrational predissociation model for

Van der Waals molecule dissociation (half collisions) to a continuum-

continuum vibrational predissociation model for the full collisions.

HC14 REACTIONS WITH SF. AND CF 4 .

The reaction

ac: 4 + Sr 6 - SF + MV + CI (1)

occurs on every collision, implying AE(SFs4/#5F1) < 14.17 eV. Analysis of

this data and that of Pichter et al a who found Kr+(ZP)/,) to react with

SF, to produce p5', measurementso showing IP(SF,) < 10.16 ev and D(SF5-F)

- 3.95 t o. 14 ev' 0 lead to values AE SFs+/5F) - 13.98 0.03 eV and D(SF5

- F) < 3.9 eV". Similarly the reaction

B.HCo' + C:F. --- ,+ + F + C1 (2)

was found tc be nearly thermoneutra1 and AE(C 4F+/CF4 ) - 14.2 1 0.1 ev waS

determined" . Values of both AE's in the literature are much higher - 15.5

eV.

HEr REACTIONS

Proton transfer reactions of HBr + with Co., CH., CF,, Nz0, H02 S COS

and H.5 have been measured. An analysis of these data appears to provide a

resolution cf the current controversy over the absolute proton affinityjscale in the - 120-150 kcal ool -1 proton affinity range.
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[equivalently the dissociation energy D(N-N. If. Perhaps the most reliable
experimental determinations are those from equilibria studies due to lens
and Con\ay [31 %vhich gives D'(NC-Nj as 1.12 -0.1 eV ( -", = l.06 cVj
and from Passant and Kebarle [4[ for which D,, = 0.99 cV. Also a value of
0.9 - 0.2 eV has been deduced from the appearance energy of NJ[ generated
in electron collisions with (N:z dimers [51. Since the first experimental
observation of N,-. theorists hase been interested in determining its geomie-
try [6.71 and the electronic states which are responsible for its sizable
binding energv. Detailed structure calculations [71 hate indicated that the
linear conformation of the N atoms is the most ,table and a bindinig encras
of 1.32 eV has been calculated.

It is also known that N4, ions are inolscd in the ion chlmistr' of the
Earth' lower atmosp here [8. an e\cmng area iof ion cmhemtls t, it ,lhi
Eldon Ferauson has contributed so much. Hence, a good deal of at tetnon

has been given to its reactions with atmospheric and other gases [4Q 11!
Amongst the man>, reactions of N4 Mhich hase been tudicd, that it th H.
is most unusual

N4 - Fl,- N-H N. 

This reaction is quite exothermic (b\ 1.5 e,) sct at 301I) K. the rite
coefficient A(L is ons 2'-;x..4 < 2 ct ' compiared %%ith h tile l i n

rate coefficient for the reaction. A I1. swhich is 1.5 < 10 " ci' Ai'o.
A I i increases dramiticah w kith ihcrei i 1 e:periiure. ,e eaicl h\
variahle-temperuture flowing afterglo\ (FA studics in helium carrier 2a-,.
and with increasina N: I.centreof-miss enCras. as has been rcs Cled hi

the flom drift tube FDT i studie in N. carrier ea,. Both studic, is ere cairried
Oilt in Ferauson', laborator\ it N 1).9..\ [9[ Thee co-ordinatCd I: \ AIid I:l) I
studiC, aso includedi the inaloaou, reic tion

N;+ D, -N,D"-D-N.

s hich exhibited iiilmar beha iour.

This iwork rai.,ed the questioni whether it is the translatiii A enCer\
increase between the reactants or the enhaTled internal enera\ of ihe Nt

ion wlich so efficiently promotes reactions ( 1 and i2). Since hese Cie 'ture-
ments were carried out. a greater understanding has de\eloped of the
importance of vibrational excitation of molecular ions in drift tube.e and
flot drift tubes [II a nid of how such excitation can influence ion li oiccule
reactiois [121. This ha,, been possible due to the deselopment of the 'elected
ion flow tube iSIFT) [I3 and the selected ion lot drift tube i SI [Dl [1-4.
In these techniques, the ion source gas (i.e. N, for N-) is excluded from the
flowt tube and therefore cannot interact iitt (e.g. ,Jbratiotall \ quench) the
N,.. for example follosing its excitation In collisions isitI the carrier aas
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atoms or molecules during its acceleration in a drift field (such an interac-
tion with the source gas could have been occurring in the FA and FDT
experiments described above). In a recent SIFDT study at Birmingham [151.
N4- ions were generated in a high-pressure electron impact ion source
containing N:. injected into helium carrier gas and accelerated in the drift
field of the SIFDT. At N" /He centre-of-mass energies below D(N.--N-V.
dissociation of the N4- to N,- was observed. This is a clear indication that
vibrational excitation of the N; occurs in the N' /He carrier gas collisions.
This conclusion was reinforced by tle fact that, when isotopicall% labelled
N, %%as added to the flow tube. the exchanue of N, molecules iti N4 ",'N.
collisions became facile at elesated N; /Hc centre-of-mass energies. That
%ibrational excitation of N- occurs in He collisions strongix implies that
vibrational excitation will be ver\ efficient in N4' /N, collisions, a con.lu-
sion reached pres.ousIs bs the NOAA group 191.

In pursuit of a better understianding of the variation of A( I) and A 12)
%iih energ,. se hate carried out a detailed studs of reactions (i and (2)
using the Aber\tsms th SIIFDT. This has been possible using a high-pressNure
1o, "ource based on a design h Paulson and Dale [161 fronm sshich s"e ha\e
been able to inject into tile los tube substantial NI current, at eneri es,
,utfieCiLnti Ioss that ,ignificant break-up of the N. did not occur. This

facllilits hLs enabled u1 to td% the near-lhertuoneutral reaction

N. - V -- N..\r" - N- ( _1I

and Aso he rcrc nrocc,

N,,r . N: -Ar (4)

since IhC ion ,ource also proX idCd Uhs,,tantialI CId, of N..-Ar Tone aid
('otsa; [3 1\C sIudiid ni mass .pcctronctricalk\ the equilihriuni ratios of the
N i to N.-Ar" Iot ,ienals in a ,ariahlc-icipcrature drift tube containine_
cotitrolled ixt\lures, 0I 11ntrogen and argon, from sshich tile hasc deduced
(lie new enthi,,% change. ttl. ill reaction (3 to he 0.04 e% oser the
temperature range 3ut) -0) K. This implies that DIN,- -.Ar Is slightly
ereater than [)I\" : .). Our SIFDT kinetic dta for reactions I i ind 11

[.1o pros jiLe intorlmlion on A t!" and AS sce the Result, and 1)iscuriloi
sectioni I.

- F.\tIRItM N I \1

Tile SIFDF tcchnique has been descrihed in detail in presiou, pub-
lication, [13.14.17]. \\,orths of note here is tie structure of tle scr, efficient
enlturi-t.,pe inlet I(such Inlets are essential features in all SI FT and SIFDT

apparatuses [1411 rcLenth included In Ihe Aber,,stsssth SIFDT through
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which ions. generated in a remote ion source, enter the flo%% tube- Essen-
tially. it consists of an annular slit which surrounds the ion entrance
aperture and of two sets of small circular apertures located on larger pitch
circle diameters. Carrier gPs flowks through the slit and through the circular
apertures from a common reservoir. The relative areas of the slit and the
apertures are such that only a very small fraction of thle carrier gas flows
throigh the slit. With this ventcuri arrangement (which is a hsbrid of the
Birming-ham design and the NOAA1'York design described in detail in refs,
14 and 18) and the efficient high-pressure ion source f161. substantial
currents of N; could be injected into the flowk tube at energies sufficiently
low% to prevent break-up of the ion in collisions with helium carrier gas (a
N4' /1-e centre-of-mass energy, < 08 eV was necessar\,). Thus N, count
rates, as larue as 101 counts s - %ere recorded at thle downstreamn detector in
the SIFDT_ Similar count rates of N. Ar' Could he obtained b-, forming
N. Ar - in the ion source using a mixture of N, and Ar as the source as.

In order ito measure rate coefficients in thle SIE DT. it is necessary to
determine thle reaction (residence) time of thle ions at each oalue of El'.%
(tile ratio of tile electric: field strength. E. to carrier gas number densit%, N
for which the k is required. A conovenient wkay is first ito me.asure thle
moi i itv. ti . of thle particular ion species as a fu netion of E IV prior to tilie
measurement of k.- The procedure for measuring A in the Aher\ stw\ ili
SllFDr has been described previousl% [ 17.191[. Thus, weC measured 4o for both
N *:anld N.Ar in roomi-temnperature helium11 at a p-c.ure of 0.2. tort for
Nsalucs otf . up to 10)0 To%,,nsends (100 TId). I-lhe results are shov.n

I- r

0 20 40 s so IV

Fie 1. Reduced mn ihilitte, . is a funcig10i if E 1 \Iir N ind 's -\r ,iil dAriftiing in prn-
I t c arricr -ai in tie S1 FD F frini meass reniens .ii .a tlte pressu re~ i~ i~w i) 'S w'rr anod a a
teniperais re f loo K, fhe'c i daia are used ii the akoulaiwi i4 thle rate eicfhlcenis .mnd
ccent-i r-rn energics prc~enied ii the nheir I Uwe,
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graphically in Fig. I w-here it can be seen that iN.Ar" somewvhat exceeds

,u(N.) over the complete EiN range. The difference in mobility is presuma-
bly due, in part. to the larger size of N- (4.09 A Iong) compared with that of
NAr' (2.23 A long, see below). The precision of these measurement., of 11
(+4') exceeds those for other ion types previousl\ measured by the
Abervstw th group due to the use of a multichannel scaler with a I i, time
resolution. The rate coefficients of reactions (1)-(41 were then measured in
the usual wa, at a number of E/.V values for each reaction using the ,P

values to calculate the reaction times and also the reactant ion,'reactant
molecule and the reactant ion/helium carrier gas centre-of-mass energies. E,
and E,. respectivel%. These energies are readil\ obtained using the Vannier
relationship, as has been described in m1anv publication, [20-211.

RYSt L FS \ND DISCL SSIt)N

T he neasured rate coefficients , t I and ( 2) for the rca.tion, hf N4' % ith
11. and D.. respecti el, . are ,ho%%n in Fig. 2 plotted a,, a fituctiln of the
N"4  I: and N4' D, centre-of-na ,s eneries. 1,..-\lso rCpreCenCd in Fi 2

for compari ,on are the d.ita of L ndindner et al. [q obtaincd in N. carrier 'is

* ' H 5.'- . ' .'-.2

1:.

I 2  2. I Thc rate , hc,1ccnti-. , .cI ,IIiMAin "I L. i, r ic rC. . L ,11 11 "Ill It. iH i .1i1
t

N, - ti t)" E ii n tIc c.irricr -,.i t K th. c lt irniss liKe1 rcpr c:!1 111C t Cwi '11 d.tt.

1rtii reL i lir thc amiic Ic iloi hui in \- crriCr -,a lic intrc rliJ ri"c f i lh [h . in

ic . lriictr ,i i trlrin icd io the 1.Ctir'Clc 0I 0.ii, it es tiii 1 : 1ic \." Ill

ct)tdhii %ilh N, ijricr -.i niolcy tc'
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These reactions are exothermic by, 1.5 eV and so the verN rapid increase inl
W() and k(2) with Er is indicative of an energ\ harrier to the reaction.
Hence, given in Fig. 3 are the drift tube equivalents of Arrhenius plots of the
data (k versus E7I-). The linearit%. of these plots indicates that an
Arrhenius-type law. [ie. k =A exp( -3 A E/2E,)] represents these data quite
,.ell and the activation energies. .AE, obtained from the slopes of the lines
are 0.157 + 0.01 eV for the H, reaction (1) and 0.169 + 0.01 e'V for the D,
reaction (2). Thle AE derived for reaction (1) is in very good aureement with
thle truly thermal value previously obtained fronm the variation of kl I w ,ith
temperature 191. which is not subject to the doubts, inlter~rnt in determing AE
values from non-thermal drift tube experiments. This agreement between tle
AE: obtained in the tsso different experiments indicates that, in the present
SI FDT experiments in helium carrier -is oker tile smtall E, range front 0.04
to about 0.1 e%*. an% departures, of thle rotational, vibrational populations of
tlte N 4 - ions and thle rotational Populations of thie H, molecules from their
thtertmal equilibrium vailues at a temperature T. siven b% E,= 1 2) AT,,
does not sianificantl\ itnfluence the rate of the reaction. Presuntabi these
remarks, alsNo appl\ to thte deuieriutn reajcion (2). Note. hossever. th~at th1C
more rapid increase in A 1) and k(- x aith Er as obsers ed in tlte N -carrier
gas' (see Fia. 21 has heeti attributed to tltc ibrational excitattion of the N ~
tons., MIMtc is CffiCcientls induILced h\ collisions %w h the teas% N_ N.Irrier a

F<.'_ 3. .Sric nu ph iIC, 41r if rt ciiwi jjit 'h irc m iifc icr,c oli it,:

ii'c IIIie eti Ii.



molecules [9j. It is clear that vibrationil excitation of the N; also occurs in
thle helium carrier gas at high E/N since the N actually dsoits(e h

Introduction). but it is obviously much less efficient in He collisions than in
N. collisions.

The small difference betw een the values of A~E for the H. and D,
reactions is barely significant within the errors of the experiments and may.
in part. be due to the non-thermal nature of the drift tube experiments.
although an isotope effect onl AE is to be expected because of the dif-
ferences in thle zero-point energies (and thus in thle barrier heightsj within
thle hydrogenated and dleuterated intermediate complexes formed in the
reactions. Hox~ever. thie differences in thle magnitudes of W)l and k(2) at
the same E, require some comment. This dilfference is greatest at low E,
%% here the ratio 01 I), 0 21 is about 3.5. hot from an extrapolation to thle
bich-energ " limit of E, (i.e. A~ here E, 1-0, see Fig. 3) thle ratio is about 1.
In part. these ratios are explained by thle differences in the collisional rate
coefficients for thle reactions for which k. is 1.51 X 10) q cm' s-1 for
reaction ( 1) and 10S , 10)-" cm' s _ for reaction (2). i e. a ratio of 1.4. So)
the value of 2.5 for AdI,A02) wkhen E' -0 1,,i presumably accounted for
by\ thle 1.4 factor and a similar factor resulting from anl Isotope effect, the
oricoin If ss bich is pro)bably a smnall di ffercrnce in thle barrier hiihlts to if and
1) transfer sithiin the N H: an 'D . cnipleses. It should be noted
thlit. itI the .inalogous experimnents carriedi out h\ Lindinacr et a]. [()I inN
carrier gas. thc obsers ed rato of AO ), A(-' changed from about 2.5; at los
1' to 1." at thle igheslQt vaILucs of Lr. but this s\stem, unlike ilic Odcium
car-rier gas system, discs not approxintatc to) the trul% thermal ss ~tem.
especiall at high Er at "sshli te N 4' is surels* highlN vibrationails e\eited.

Th le rate coefficients for bot tli(le N '-- Ar react ion (3 .i nd the NA , - -

N. res erse reaction 14 increase raipidl\ ss i th E, as is, shoss n in 1 12 4.

\lcasuirencnts, were made at E, vaIlues Up to about I eV for both reactio'ns.
I losseser. it wa;s obsers Ci that Er vaues in excess of about 0.3 eV initiated
the break-up of N.Ar 'ioln ( aiIttost eCWluiM\elv to N,' and Art aind so data
relatine ito reaction 14) those 01.3 ckV are not included in Fig. 4. Thle data for
reaictionl (1) are plotted in Fig. 5 as, an Arrbcnius-t\pe plot of InI Ai i ersil
E, and, as is ohs ir'uN a nonl-linlear plot results, unlike those in Fieg I3 for
the N1, reactions, wtith 11 . and D, even though the experiments were carried
OLt over very similar N. He centre-of-mass energies. E . (Tile E, salues in
thle case of the react ions of N, ss it h the hcasi er Ar are mnuch great er thtan
thle E, for the N.' rLa:110tios svith the lighter H : and 1).. es-en thouleh tile E

aZloes are similati. The up-curving of the plot in Fig. 5 at small E, -is
prcsuniabl-, due ito tile %il-ratioital excit~itiort of tlie \,- ions duritig their
collisions svitlt Ar itoms. If' the datai points .ibose in E, v alue of I eV '.
for k\ hicli N,4 is obs rs ed to) bCeilt ito break-up. are represetited h-\ a straight
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Fiu 4. The rate ciefficieni,. A. fior the retCJoinf of N ~itii Ar aind N-Ar itih N. as

fun ctioni if E, in lie carrner eas 0atS110 K The increase in k ith E, i atirihuied lo
aceti' Jiion ene-g barriers n both reactio, (-see text and Fig, r These data ire pinted in the
fonrmr f a an'tI luff plot n Fig. 6.

10-----

Fig. 5. An\I ",rrhenu lj,i o"I A lCtSli I", if the data given in Fig. 4 11 i he reiction oft N4
ikih Vr. The molid line re!preecni. the data obtai ned pies iousI\ li als ini d ri ft tube [2T.he

depariure if lie points twinthle li it loiE F, is aiirthuied in the cnhincemnict.i k due iii

%thraiiinal ctitio~n the N at1 high E,
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line as shlown, then this indicates all acti~ ation energy. barrier. AIE. to the
r:ctuon of about 0.26 ev which is essentially the same as that obtained b\
the Innsib,,eek group from their recent drift tube stud,. of reaction 13) t1221.
Also, the value oi 1'3l obtained by extrapolating the line in Fig. 5 to zero
Er ' is - 3.5 x 10 _"' cmll again the same as that obtained prevIOuls'
1221. This value is a factor of tw silwdl-,r than the collisional limiting value
of 6.2x> 10-10 cm si -1

Reactions (3) and (4) are the exact re~erse of each ,)thL.- -'I S 'r
k.,3)/k(4) can be equated to in equilibrium con.stant. Thus a van't i off Dslt
of I n kl),Al4) versu.s E ,- is shov. n in Fig. ' for E, values cre.;ter than 3
eV ~. The slope of the plot indicates a meain entholp% change. -A11", of
0.09 +i 0.01 eV over the E, range from ().1 ito ()2 c ak'nd anl entrop% change.
-IS", of 19 - 2 J mol IK 1.ThiN siaI r''sitc ;sealuec of -1!H'' contra'-ts

%%il -;ll neCatise %alue. alread% ' 11Id 01 ) 114 0, ohij~nned h%
Teng and Con A'.l3. i '' could be dueI to se err) reas~ons
includinue the different eneres reczines, ,%,r :!' .ne set erl \rc

performed. Ill the SI FDF C \pcrilInet. 11 hj o e,2\C e that ,,ome1
cOlisional C\citation1 Of theC ion, OCcuirred. cuit the lo% I.. used; ditfercn-
tial ewcttation of the \," anid N. Ar ' %wuld ohs iusl\ be nljinitc't as anl
erroneous .l11". In the Tenz and (osa e\perinliert. counipeting inic
re acion inl the \_ *l\rLC trscould onpiaethe iter:pretationl of daita
[Ie3 present SIHll) J dia indicates that 1){>N N. is 5omn%% hat creater tilan
1)1N C Arn. contrar% to the conIcIluion0 driss Ti funi the Tene_ anld (ioiisa%
data. Further experinent.N are nieesar% to. ... ti iict~it

The derived A\S'' aloe fronm thec ct *s i1 dJt.i om iparc, %wh 1 -1

nmol K obtainled hsTn% n is~. sr. ' ll th errors Ili

hg 6 'annt Itif plot'tin k(3i tii %ersus 1., 1 if thi dai !,r ihic \i V re~Iin

i3 ad tie NAr* ' -\V realsio It) rroni Fii 4 lor E, ioltie lcs thii 1) \' '\hoc thi
/I l i b riinal escatitin if thie itins icirr,:d hiw 'Ilpe i' ths ri ~ %clsts, i %itc o

1)fI (IM eit k and zhe inter-cept iis))' .due of A.V' - J .1i nu K



ihis AS"~ can result from mass discrimination in the mass spectrometer of
the drift tube experiments. This is not thle case in thle SI FDTF experiment.
which is concerned onl% with kinetic measurements atid not rekitis e ion
signal levels.) The experimentally, determined AS" is useful in that it can he
used to determine the approximate structure of the N. Ar -ion. The inform-a-
tion required to calculate AS" in reactions (3) or (4) is all axailahle- except
for the structure of N.A A1 (niote that Tena and Con%%ax [31 favour a linear
structure for this ion. based on the shapes of1 the molecular orhital,.
although they could not rule out thle possibility that the nmolecule is T-shapedi.
It is kncwn that N; is linear and the bond lengthis betw-,een thle N atom s i n
thle ion have been determined h,. ab initio methtods [1[ and 5o its moment of,
inertia can be readily calcula ted. N,' is also known to have a -I-con ficuLra-
tton in the ground grate [51 and. obviousl%. a s~ tititetry nutuher ot 2 1
appropriate to this ion. N..Ar' can be slioss n to be 'L bv correlation of
electronic states [231. Clearly. all the neccssary, information is reaut s as aita-
ble for thle Ar atont and the N. molcule and so an ex\pression can he
ohbtai ned for AS" in the react ion in terms of t he total partition fut-1 C0 it of

:', nccies involved ss hich includes, translational, rotational, and electri-1c
contrillutioui: see. for exainipl. ref. 2,4). the on]% unknoss n hein-z thle
momntt of inertia of N. Ar -. Thtus, by then eqUatillg the theoretie.,d expre'-
,ion for AS' ito tile experimental salue. a-n :iwnale can he ohtaitted for the
mionent of itnertia of the ion and thle value arnyaed at is '1 U A
assumption that it is thle inear species [N' N Ar] . It is apparan'v that thle
iott canniot he nwnincuer -si ne this, voul d result in den i.ed moniten is of
inertia sonme two orders oif nignitude smallcr than that of N.* , kk ilt is
calculated to be 141 Lu .-V and, in tile li~li of this, thle dens d ,Jil Ie for Ii near
N. Ar' sents to he ver,% re~tsonahle. AssumiinL thai tile N - honld lenat!h-
a. in N. Ar' is tlte sanme as tltose in rthe N,' N ion (i.e. N."N.

o 11) A. h =I1 .- \ [71). then the N -Ar bond lettgdi. c, is Ccaciid to
be ].I §, A ( i.e. N" N Art. not an1 uttreasonahle resuilt. (Icarlx . thtese conclu-
sions could he tested h\ structure calculations, It support of the assumtptiotn
thtat thle N N bond lcmtuth in N,-Ar- is ithe same vNs that in N,* . it is %%ontlt\
ol' note tltat Baker and B~uckingham [25] 11t1%C C31alcl~d tile N N 110t11
lenth in N.C0* to he 1.08 A.

(iiNCtL DIN\G RtFt.*RKS

Tile e xtltertic reactions 01) and t') An tilie itcar-i herntioteu itrl react i oi
Ianid ( 4) are all sloss% ait roonm tenmpera tuLre hut a:! hbcoc~t nmore e ffi ciet a,

tile centre-of-mass eneraies of the reaictants. 1-r intcrease. It is cx idet thait
smtall actis ation etteries h arriers arc inlthiiting aill of these reactions. hairrier,
%ltielt can be oseci-Lnie hs increased E, and also by \i hrational excitioit in
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